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Introduction 

In  order  to  increase  our  understanding  of  cancer  stem  cells  and  their  role  in  cancer 
progression  and  metastasis,  our  overarching  goal  had  been  to  study  how  the  cellular 
microenvironment  maintains  and  controls  this  cellular  phenotype.  To  realize  this  goal,  we  had 
proposed  to  use  3D  super-resolution  microscopy  to  visualize  how  individual  breast  CaSCs  and  tumor 
cells  interact  with  each  other  and  their  microenvironment.  In  Year  1  of  this  project,  we  completed  the 
construction  of  our  super-resolution  microscope,  which  had  the  capabilities  to  perform  both  2D  and 
3D  multi-color  Stochastic  Optical  Reconstruction  Microscopy  (STORM)  and  Photoactivated 
Localization  Microscopy  (PALM).  We  demonstrated  our  ability  to  image  specific  receptors  on  the 
surface  of  MCF-7  breast  ductal  carcinoma  cells.  In  Year  2,  we  focused  on  fabricating  small 
controllable  microenvironments,  in  which  we  can  simultaneously  culture  small  groups  of  cells  and 
monitor  their  response  to  external  perturbation.  We  subsequently  examined  the  effects  of 
microenvironments  on  breast  cancer  by  creating  arrays  of  polydimethlysiloxane  (PDMS)  microposts 
of  different  stiffness  and  sizes  and  seeded  them  with  MCF-7  cells.  We  manipulated  our  micropost 
microenvironments  to  study  the  effects  of  microenvironment  on  cell  lineage,  namely  the  basal-luminal 
differentiation  of  MCF-7s.  In  Year  3,  we  re-built  our  microscope  so  that  we  could  perform  label-free 
quantitative  phase  imaging  (QPI)  and  image  breast-cancer  cells  over  a  7-day  culture.  With  QPI,  we 
investigate  the  real-time  response  of  breast-cancer  cells  to  different  microenvironmental  cues.  We 
thus  are  able  to  learn  how  protein  density,  growth  rate,  morphology,  motility,  and  phenotype  of  these 
cells  change  and  evolve  in  response  to  their  microenvironment. 


Keywords:  breast  cancer,  MCF-7,  basal,  luminal,  STORM,  PALM,  quantitative  phase  imaging, 
differentiation,  growth  rate,  PDMS  stiffness 

Accomplishments 


Year  1:  Super-resolution  Imapinp  of 

Specific  Receptors  of  Breast-Cancer  Cells. 

In  Year  1 ,  we  completed  building  our  super¬ 
resolution  microscope.  This  microscope  has 
the  capability  of  performing  both  two- 
dimensional  (2D)  and  three-dimensional 
(3D)  Stochastic  Optical  Reconstruction 
Microscopy  (STORM)  and  Photoactivated 
Localization  Microscopy  (PALM).  We 
focused  on  the  marker  CCR7,  whose  high 
expression  has  been  correlated  with  poor 
survival  and  whose  expression  may  be 
regulated  by  the  tumor  microenvironment^. 
MCF7  cells  were  cultured  in  DMEM  with 
10%  FBS,  0.1  mM  MEM  non-essential 
amino  acids,  and  1  mM  sodium  pyruvate  at 
37  °C  and  5%  C02.  Cleaned  coverslips 
were  coated  with  gelatin  attachment  factor 
from  Invitrogen  and  incubated  at  room 
temperature  for  2  hours  or  37C  for  30-45 
min,  and  washed  with  media.  The  MCF7 
cells  were  dissociated  from  their  culture 
plate  using  enzyme-free  dissociation  buffer 
from  Invitrogen,  and  transferred  to  culture 
wells  with  the  cover  sips  sitting  in  the 
bottom.  The  cells  were  subsequently 


Fig.  1:  2D  STORM  image  of  the  CCR7  receptor  on  the 
surface  of  MCF-7  breast  cancer  cells  cultured  on  a  gelatin 
substrate.  (A)  Bright-field  image  of  two  cells  with  2D  STORM 
image  overlaid  on  top.  Each  red  “dot”  corresponds  to  an 
individual  CCR7  receptor.  Clustering  of  the  receptor  is 
apparent.  (B)  2D  STORM  image  of  the  two  cells  in  (A).  (C) 
Density  of  localizations  or  receptors  on  the  surface  of  the  cells. 
Red  corresponds  to  low  density,  yellow  to  high  density.  (D) 
Individual  clusters  of  CCR7  receptors  on  the  cells’  surface. 
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cultured  overnight  before  they  were  fixed  and  stained  with  Alexa  Fluor  568-  (the  reporter  dye)  and 
Alexa  Fluor  405-  (the 
activator  dye)  conjugated 
anti-CD  197  antibody  to 
thus  tag  the  CCR7  marker 
on  the  cell  surface.  Fig. 

1A  is  bright-field  image  of 
two  MCF-7  cells  overlaid 
with  the  2D  STORM  image 
of  the  CCR7  marker  on  the 
surface  of  these  cells.  Fig. 

IB  is  solely  the  2D 
STORM  image — it  is  the 
first  super-resolution 
image  of  a  breast  cancer 
cell  to  our  knowledge. 

Since  clustering  or  spatial 
organization  of  surface 
markers  can  influence 
signaling,  we  have 
performed  an  initial 
analysis  of  our  2D  STORM 
images.  We  have 
performed  a  preliminary 
analysis  of  our  images. 

Utilizing  a  Tree-Cluster 

algorithm  that  estimates  the  number  of  clusters  followed  by  a  Gaussian  Mixture  model  that  then  fits 
the  data  based  on  the  estimated  number  of  clusters,  we  were  able  to  identify  each  cluster  of  CCR7  on 
a  cell  surface.  Fig.  1C  shows  the  density  of  localizations  (i.e.  the  density  of  markers  in  region,  with  red 
to  yellow  corresponding  to  low  to  high  density)  and  Fig.  ID  identifies  each  cluster.  Fig.  2  shows  the 
2D  STORM  images  and  analyzed  results  of  three  different  experiments. 


Fig.  2  :  2D  STORM  imaging  of  the  CCR7  receptor  on  the  surface  of  MCF-7 
breast  cancer  cells  cultured  on  gelatin  substrates. 


Year  2;  Fabricatinp  Small  Controllable  Microenvironments  for  Simultaneously  Culturinp  and 

Monitorinp.  Our  initial  plan  to  create  the  small  controllable  microenvironments  had  been  to  use  an 
appropriate  composition  of  extracellular  proteins  and  proteoglycans  (e.g.  collagen  gels,  matrigel, 
hyaluronic  acid  gels,  and  polyacrylamide  gels  functionalized  with  various  ECM  proteins)  in  a 
microfluidic  reservoir.  We  would  alter  dynamically  the  mechanical  properties  of  this  microfluidic 
culture  environment  either  through  the  application  of  stress  or  strain  via  mechanical  actuators.  Given 
the  complexity  of  the  system  and  the  number  of  parameters  involved,  we  simplified  our  system 
greatly  by  creating  tunable  micropost  arrays  to  study  breast  cancer  cell  microenvironments.  These 
arrays  are  rapidly  and  easily  fabricated,  due  to  an  uncomplicated  geometry  and  simple  material 
selection  (polydimethylsiloxane  -  PDMS).  Critically,  simple  fluid  flow  profiles  can  be  used,  with 
gradient  profiles  created  using  the  easily  altered  aspect  ratio  and  stiffness  of  the  microposts. 
Advantages  of  our  tunable  micropost  arrays  over  traditional  two-dimensional  tissue-culture 
polystyrene  (TCPS)  include  improvements  in  microenvironment  accuracy  and  throughput  through 
control  of  material  properties  e.g.  stiffness  and  array  size/density. 

The  fabrication  process  of  our  tunable  micropost  arrays  relies  on  standard  soft  lithographic 
techniques.  Using  AutoCAD,  we  create  a  mask  and  use  soft  lithography  to  create  PDMS  (Sylgard 
184)  microposts  with  a  given  aspect  ratio  and  stiffness  (typically  2500-5000Pa  for  breast  tumor 
conditions^).  These  micropost  arrays  are  highly  tunable  because  altering  the  stiffness  and  array 
size/density  is  merely  dependent  on  the  ratio  of  PDMS  to  curing  agent  and  the  dimensions  of  the 
array,  respectively.  We  chose  to  create  tunable  micropost  arrays  in  order  to  study  how  the  variation  of 
the  microenvironment  properties  using  aspect  ratio  and  stiffness  affects  breast  cancer  cell 
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differentiation  and  lineage  (basal  vs.  luminal). 

PDMS  microposts  were  created  by  first  constructing  silicon  master  molds  using  Shipley  1813 
positive  photoresist.  By  varying  the  spin-speed,  we  are  able  to  control  the  height  of  the  resulting 
microposts.  PDMS  was  poured  over  the  master  and  cured  at  80°C  for  2  hours.  Atomic  Force 
Microscopy  (AFM)  was  used  to  characterize  the  height  and  shape  of  these  microposts  (Fig.  3). 

Fig.  3  :  AFM  was  used  to  characterize 
micropost  size  and  shape  after  soft 
iithography.  Based  on  the  above  array 
pattern,  we  demonstrate  an  easiiy  tunabie 
micropost  array  using  soft  iithographic 
toois.  AFM  images  were  taken  using  a 
Veeco  Si3N4  cantiiever,  with  imaging  done 
in  AC  mode  in  air.  The  sampie  tested 
contained  3pm  diameter  PDMS  microposts 
with  a  6pm  lattice  constant. 

MCF-7  breast  ductal  carcinoma  cells  were  successfully  cultured  on  our  PDMS  micropost  arrays 
for  over  a  week  in  DMEM  (Gibco)  +  10%  fetal  bovine  serum  (Gibco)  +  1%  penicillin/streptomycin 
(Invitrogen)  (Fig.  4).  The  devices  are  optically  transparent  so  further  analysis  such  as  bright  field 
imaging  and  immunostaining  are  facile. 


Fig.  4:  Micropost  array  with  MCF-7 
breast  ductal  carcinoma  cells 
plated.  Image  was  taken  following 
one  day  of  culturing  on  the 
micropost  array.  Generous  cell 
spreading  and  morphology  indicate 
normal  cell  growth  and 
biocompatibility  of  our  device. 


Based  on  these 
initial  results,  we 
have  created  a 
high-throughput 
analysis  system 
(Fig.  5)  that  would 
allow  us  to 
investigate  the 
effect  of  stiffness 
range  on  phenotype 
(given  that  tumors 
are  heterogeneous 
in  terms  of 
stiffness).  We  are 
currently  focusing 
on  the  MCF-7  a- 
CD271  phenotype 
since  it  has  been 
recently  reported  to 
be  a  candidate 
breast  CaSCs^. 
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Fig.  5:  (Top)  In  order  to  test  multiple 
stiffness  conditions  on  a  single,  high- 
throughput  chip,  we  have  developed  a 
“gradient”  micropost  array.  (Bottom)  Cell 
spreading  and  morphological  changes 
are  observed  between  areas  of  differing 
apparent  modulus  following  cell  seeding. 


Fig.  6:  MCF-7  breast  ductal 
carcinoma  cells  stained  with  an  a- 
CD271  antibody  (Abeam  p75 
NGF).  The  a-CD271  marker  has 
recently  been  reported  as  a  stem¬ 
like  marker  for  pre-tumorigenic 
cells. 


^  '14.40  pm 

14.40  pm  0.00 


Through  immunostaining,  we  have  identified  that  phenotype  with  our  MCF-7  cell  line  (Fig.  6). 


Year  3:  Quantitative-Phase  Imapinp. 

Conventional  label-free  microscopy,  such  as 
phase  contrast  (PC)  and  differential 
interference  contrast  (DIC),  are  widely  used 
to  provide  morphometric  information  without 
the  use  of  any  exogenous  contrast  agents. 
The  “contrast”  in  these  techniques  is  the 
actual  phase  shift  induced  by  the  difference 
in  the  optical  path  length  through  a  cell  as 
compared  to  its  surroundings.  Although  the 
optical  phase  shift  provides  information 
regarding  protein-density  distribution  and 
total  dry  mass"^®,  this  is  lost  in  PC  and  DIC 
due  to  their  qualitative  nature.  In  contrast, 
QPI  measures  these  changes  in  optical  path 
length  with  nanometer  sensitivity.  With  this 
exquisite  sensitivity,  one  can  measure 
changes  in  dry  mass  (non-aqueous  content) 
on  the  order  of  femtograms  over  a  period  of 
time  and  obtain  a  broad  view  of  metabolic 
activity'^.  Simultaneously,  one  can  also 
obtain  quantitative  information  on  inter-  and 


Optical 

Fiber 


c 


561  nm 
Laser 


Collimator 

Lens 


Plane  wave 
Illumination 


Sample 


^0 

I 

1 

I 

f 

1 

B 


Microscope 


LI 


SF 


L2 


CCD 


0  Hours 


12  Hours 


24  Hours 


intra-  cellular 
organization  of 


mass  transport  , 

cells  and  tissues®’ 

,8 


spatial 


Fig.  7;  Diffraction-Phase  Microscopy.  A)  Schematic 
of  DPM  setup.  A  561  nm  Laser  is  used  to  provide  plane 
wave  illumination  via  an  optical  fiber  and  collimator 
lens.  A  standard  microscope  objective  (O)  and  inverted 
microscope  is  used  to  project  a  magnified  image  of  the 
sample  onto  a  diffraction  grating  (G).  The  grating,  lens 
LI,  spatial  filter  (SF)  and  lens  L2  and  CCD  form  a 
compact  common  path  interferometer.  Inset  illustrates 
the  phase  shift  A0  induced  by  the  specimen  on  the 
incident  plane  wave,  which  is  quantified  by  DPM.  A0  is 
proportional  to  the  product  of  the  refractive  index  and 
the  thickness  of  the  sample.  B)  A  1x1  mm^  area 
mosaic  scan  of  an  MCF-7  culture.  The  colors  indicate 
the  phase  shift  at  each  point.  C)  DPM  images  of  a  pair 
of  MCF-7  cells  as  they  grow  and  divide  over  24  hours. 


,  and 

cellular  morphology  and  motility®.  QPI  is 
label-free  and  non-invasive,  and  thus,  it  is  an 
ideal  technique  to  measure  the  fundamental 
properties  of  a  naturally  evolving  biological 
system  in  an  unprecedented  manner. 

Modifying  the  STORM/PALM 
microscope  that  we  created  in  Year  1,  we 
constructed  a  fully  automated  diffraction- 
phase  microscope  (DPM)  system,  equipped 
with  a  stage-top  incubation  system.  DPM  is  a 
single-shot,  wide-field,  common-path  QPI 
modality  (Fig.  7A).  We  have  used  this 
system  to  image  MCF-7  breast-cancer  cells 
(Fig.  7B  and  C).  An  automated  stage  allows 
for  scanning  a  large  area  in  a  mosaic  fashion, 
thereby  providing  a  large  field  of  view  while 
maintaining  sub-cellular  resolution.  As  well,  a 
stage-top  incubator  enables  measurements 
over  biologically  relevant  timescales.  Thus, 

we  have  the  capability  to  measure  the  behavior  of  a  cell  culture  over  temporal  scales  ranging  from 
milliseconds  to  days  and  spatial  scales  ranging  from  sub-micron  to  centimeters. 

We  are  currently  using  this  system  to  investigate  the  real-time  response  of  breast-cancer  cells 
and  neuronal  progenitor  cells  to  different  microenvironmental  cues.  Our  goal  is  to  learn  how  protein 
density,  growth  rate,  morphology,  motility,  and  phenotype  of  these  cells  change  and  evolve  in 
response  to  their  microenvironment.  Fig.  8  shows  the  preliminary  results  of  our  investigation  of  how  5 
combinatorial  protein  environments  known  to  play  a  role  in  the  epithelial-mesenchymal  transition 
(EMT)  of  breast  cancer  influence  the  proliferation  dynamics  of  MCF-7  breast-cancer  cells.  The 
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protein  environments  were  printed  on  a  glass  substrate  using  a  technique  developed  by  our 
collaborator,  Dr.  Mark  LaBarge  at  Lawrence  Berkeley  National  Laboratory  (LBNL),  and  live-cell 
imaging  was  performed  over  a  45-hour  period. 
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Time  (hours) 


Fig.  8:  Microenvironment  array  (MEArray)  measured  using  diffraction  phase  microscopy  (DPM).  A) 

The  MEArray  shown  contains  5  unique  environments  and  5  replicates  of  each.  The  proteins  that  were 
patterned  on  the  surface  are  known  to  play  a  role  in  EMT  in  breast  cancer.  MCF-7  breast  cancer  cells  were 
cultured  on  the  array  and  scanned  using  DPM  every  30  minutes  for  72  hours.  The  total  scanned  area  was 
1.71  X  1.60  mm^.  Scanning  involved  tiling  together  600  images  in  order  to  maintain  sub-cellular  resolution. 
B)  Magnified  view  of  the  spot  outlined  in  yellow  in  (A)  at  0  hours  and  45  hours.  The  colors  indicate  the  dry- 
mass  density  at  each  point.  The  total  dry  mass  vs.  time  for  each  spot  in  the  array  is  calculated  by  integrating 
the  dry-mass  density  map  over  the  area  of  each  spot  at  every  time  point.  C)  Normalized  mass  growth  vs. 
time  for  all  conditions  in  6-hour  time  bins  over  45  hours.  Insets  at  bottom  indicate  which  groups  have 
statistically  significant  differences  in  growth  rate  in  each  time  period.  Each  row  in  the  insets  corresponds  to 
the  spot  type  being  tested,  as  indicated  by  the  colored  dot,  and  each  column  corresponds  to  the  spot  type 
against  which  it  is  being  compared.  Statistically  significant  (p>0.95)  differences  are  indicated  by  the  black 
dots.  During  the  first  24  hours,  there  is  a  statistically  significant  higher  growth  in  the  Collagen  +  TGFP+IGF 
condition  as  compared  to  all  other  spots.  By  45  hours,  the  growth  rate  of  Collageni +TenascinC  group  is 
significantly  lower  than  all  other,  indicating  that  there  is  higher  survivability  and  proliferation  in  all  other 
groups  vs.  the  Collageni +TenascinC population. 


Impact 

The  work  described  here  was  high  risk,  and  we  made  significant  headway  into  developing  a 
set  of  technologies  that  will  help  elucidate  the  mechanisms  for,  and  biology  of,  breast  cancer.  In 
particular,  quantitative  phase  imaging  allows  us  to  go  beyond  current  end-point  analyses  (e.g. 
immunocytochemistry.  Western  Blotting,  PCR  in  which  cells  are  fixed  and/or  lysed)  by  performing 
real-time  kinetic  measurements  of  fundamental  cell  behavior.  Performing  such  measurements, 
without  affecting  cell  viability  and  multipotency,  enables  previously  intractable  studies  regarding  the 
understanding  of  how  various  environmental  stimuli  affect  individual  cells  during  the  differentiation 
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and  growth  process.  With  our  QPI  studies,  we  anticipate  that  we  will  be  able  to  contribute  greatly  to 

the  understanding  of  what  role  the  cellular  microenviroment  plays  in  cancer  progression. 

Changes/Problems 

None. 
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1.  STORM/PALM  microscope  capable  of  nm  resolution:  microscope  is  available  to  campus 
community 

2.  Quantitative-Phase  Imaging  microscope  capable  of  label-free  imaging:  microscope  is  available  to 
campus  community 

3.  Tunable  micropost  arrays  to  study  breast-cancer  cell  microenvironments 
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Authors: 

Evan  Lyall 

(Department  of  Bioengineering,  University  of  California,  Berkeley) 

Matthew  R.  Chapman 

(Biophysics  Graduate  Group,  University  of  California,  Berkeley) 

Lydia  L.  Sohn 

(Department  of  Mechanical  Engineering,  University  of  California,  Berkeley) 

Regulation  and  control  of  complex  biological  functions  are  dependent  upon  spatial  organization  of  biological  structures 
at  many  different  length  scales.  For  instance  Eph  receptors  and  their  ephrin  ligands  bind  when  opposing  cells  come  into 
contact  during  development,  resulting  in  spatial  organizational  changes  on  the  nanometer  scale  that  lead  to  changes  on 
the  macro  scale.  In  a  process  known  as  organ  morphogenesis.  One  technique  able  to  probe  this  important  spatial 
organization  at  both  the  nanometer  and  micrometer  length  scales,  including  at  cell-cell  junctions,  is  stochastic  optical 
reconstruction  microscopy  (STORM).  STORM  is  a  technique  that  localizes  individual  fluorophores  based  on  the 
centroids  of  their  point  spread  functions  and  then  reconstructs  a  composite  image  to  produce  super  resolved  structure. 

We  have  applied  STORM  to  study  spatial  organization  of  the  cell  surface  of  human  breast  cancer  cells,  specifically  the 
organization  of  tyrosine  kinase  receptors  and  chemokine  receptors.  A  better  characterization  of  spatial  organization  of 
breast  cancer  cell  surface  proteins  is  necessary  to  fully  understand  the  tumorigenisis  pathways  in  the  most  common 
malignancy  in  United  States  women. 

To  cite  this  abstract,  use  the  following  reference:  http://meetings.aps.org/link/BAPS.2012.MAR.Y41 .4 

2.  Matthew  Chapman,  Evan  Lyall,  and  L.  L.  Sohn,  “Characterizing  Spatial  Organization  of  Cell- 
Surface  Receptors  in  Human  Breast  Cancer  with  STORM,”  Oral  Presentation,  American  Chemical 
Society  Annual  Meeting,  San  Diego,  March  2012 
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3.  Anand  Kesavaraju,  Bo  Qing,  Eric  Jabart,  Marc  LaBarge,  and  Lydia  L.  Sohn,  “Micropost 
microenvironments  for  studying  luminal-basal  lineage  commitment  of  breast-cancer  cells”,  Oral 
Presentation,  American  Physical  Society  Annual  March  Meeting,  Baltimore,  MD,  March  2013. 
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Session  T45:  Focus  Session:  Physics  of  Cancer  I 

8:00  AM-11:00  AM,  Thursday,  March  21,  2013 
Hilton  Baltimore  Room:  Holiday  Ballroom  4 

Sponsoring  Unit:  DBIO 

Chair:  Kimberly  Stroke,  Johns  Hopkins 
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Abstract:  T45.00006  :  Micropost  microenvironments  for  studying  luminal-basal 
lineage  commitment  of  breast  cancer  cells 
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Preview  Abstract  MathJax  On  \  Abstract  ^ 


Authors: 

Anand  Kesavaraju 

(Department  of  Bioengineering,  Univeristy  of  California,  Berkeley) 

Bo  Qing 

(Department  of  Bioengineering,  Univeristy  of  California,  Berkeley) 

Eric  Jabart 

(Department  of  Bioengineering,  Univeristy  of  California,  Berkeley) 

Mark  LaBarge 

(Lawrence  Berkeley  National  Laboratory) 

Lydia  Sohn 

(Department  of  Mechanical  Engineering,  Univeristy  of  California,  Berkeley) 

MCF-7  breast  cancer  cells  were  plated  onto  polydimethylsiloxane  (PDMS)  microposts  in  order  to  examine  the  effects  of 
the  microenvironment  on  cell  lineage.  Different  stiffnesses  and  sizes  of  the  microposts  are  postulated  to  impact  cell 
surface  marker  expression  levels.  We  will  provide  preliminary  results  analyzing  CD271  and  focal  adhesion  markers 
such  as  vinculin.  3D  shear  flow  will  also  be  applied  to  the  microposts  to  study  how  external  mechanical  stimuli  affect 
cancer  cells  within  their  microenvironment. 

To  cite  this  abstract,  use  the  following  reference:  http://meetings.aps.Org/link/BAPS.2013.MAR.T45.6 


4.  Anand  Kesavaraju,  Bo  Qing,  Eric  Jabart,  and  Lydia  L.  Sohn,  “Tunable  Micropost  Arrays  for 
Studying  Breast  Cancer  Microenvironments”,  Poster  presentation,  7^^^  International  Conference  on 
Microtechnologies  in  Medicine  and  Biology,  Marina  Del  Ray,  CA,  April  10-12,  2013. 

TUNABLE  MICROPOST  ARRAYS  FOR  STUDYING 
BREAST  CANCER  MICROENVIRONMENTS 

A.  Kesavaraju  ,  E.  Jabart^ ,  B.  Qing\  L.L.  Sohri 

^University  of  California,  Berkeley  Department  of  Bioengineering,  Berkeley,  USA 
^University  of  California,  Berkeley  Department  of  Meehanieal  Engineering,  Berkeley  USA 

ABSTRACT 


Breast  cellular  microenvironments  play  a  key  role  in  maintaining  healthy  tissue  and  disregulation  can  lead  to  cancer  or 
promote  disease  progression.  In  order  to  examine  the  effects  of  microenvironments  on  breast  cancer,  we  created  arrays  of 
polydimethlysiloxane  (PDMS)  microposts  of  different  stiffness  and  sizes  and  seeded  them  with  MCF-7  breast  ductal  carcinoma  cells. 
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We  manipulated  our  mieropost  miero environments  to  study  the  effeets  of  miero environment  on  eell  lineage,  namely  the  basal-luminal 
differentiation  of  MCF-7s.  Differentiation  of  MCF-7s  ean  be  monitored  optieally  by  morphologieal  analysis,  via  surfaee  marker 
expression,  PCR,  and  western  blotting.  We  will  provide  preliminary  results  analyzing  CD271  (a  basal-like  eell  marker),  milk  muein 
(MM,  a  luminal-like  eell  marker),  and  foeal  adhesion  markers  sueh  as  vineulin. 


KEYWORDS:  Mierofluidies,  miero  environment,  mieroposts,  breast  eaneer,  stiffness 

INTRODUCTION 

Breast  cancer  and  the  cellular  microenvironment 

Breast  eellular  mieroenvironments  play  a  key  role  in  maintaining  healthy  tissue  and  disregulation  of  these  mieroenvironments 
ean  lead  to  eaneer  or  promote  disease  progression.  The  two  primary  types  of  breast  eaneer  eells,  basal-like  and  luminal-like,  play 
different  roles  in  breast  eaneer  and  its  progression^ .  Although  both  eell  types  seemingly  arise  from  luminal-like  eells^,  basal-like  eells 
take  on  a  more  stem-eell-like  phenotype,  while  luminal  eells  beeome  more  differentiated^.  Reeent  work  has  shown  that  FACS-purified 
CD27U  basal-like  eells  ean  give  rise  to  both  CD27U  and  MM^  (luminal-like),  while  FACS-purified  MM^  eells  gave  rise  to  only  MM^ 
luminal  eells  ^  In  this  paper  we  seek  to  analyze  the  effeets  of  the  eellular  mieroenvironment  on  the  establishment,  maintenanee,  and 
differentiation  of  these  two  eells  types  in  breast  eaneer  progression.  In  order  to  study  the  mieroenvironment,  we  ereated  tunable  PDMS 
mieropost  arrays  of  different  stiffness,  shapes,  and  sizes  and  seeded  them  with  MCF-7  breast  duetal  eareinoma  eells. 

Microfluidics  as  a  tool  for  studying  microenvironments 

Mierofiuidie  tools  for  eell  eulture  are  distinguished  from  more  traditional  mierofiuidie  applieations  in  ehemistry  or  physies 
through  material,  geometry,  and  fluid  flow  seleetions.  The  near- infinite  variety  of  geometries  leads  to  novel  eulturing  sehemes 
allowing  the  ereation  of  3D  mieroenvironments^.  Reeently,  mierofluidies  have  been  used  to  study  3D  eellular  mieroenvironments 
through  seleetive  partitioning  of  fiuidie  ehannels  to  ereate  eompartmentalized  mieroenvironments^.  Mierofiuidie  deviees  able  to 
separate  mierostruetures  in  gels  have  also  been  reeently  developed^  and  mieropillars  have  been  fabrieated  to  aet  as  ehannel-guides  to 
ereate  speeifie  eoneentration  gradient  profiles^. 

Building  on  these  ideas,  we  have  ereated  tunable  mieropost  arrays  to  study  breast  eaneer  eell  mieroenvironments.  These 
arrays  are  rapidly  and  easily  fabrieated,  due  to  an  uneomplieated  geometry  and  simple  material  seleetion  (polydimethylsiloxane  - 
PDMS).  Critieally,  simple  fluid  flow  profiles  ean  be  used,  with  gradient  profiles  ereated  using  the  easily  altered  aspeet  ratio  and 
stiffness  of  the  mieroposts.  Advantages  of  our  tunable  mieropost  arrays  over  traditional  two-dimensional  tissue-eulture  polystyrene 
(TCPS)  inelude  improvements  in  mieroenvironment  aeeuraey  and  throughput  through  eontrol  of  material  properties  e.g.  stiffness  and 
array  size/density. 

In  this  paper,  we  show  the  development  and  fabrieation  of  these  tunable  mieropost  arrays,  along  with  testing  with  MCF-7 
breast  eaneer  eells  to  study  the  generation,  maintenanee,  and  differentiation  of  the  basal  and  luminal  subtypes  in  eontrolled 
mieroenvironments . 

METHODS  AND  RESULTS 

The  fabrieation  proeess  of  our  tunable  mieropost  arrays  relies  on  standard  soft  lithographie  teehniques.  Using  AutoCAD,  we 
ereate  a  mask  and  use  soft  lithography  to  ereate  PDMS  (Sylgard  184)  mieroposts  with  a  given  aspeet  ratio  and  stiffness  (typieally 
2500-5000Pa  for  breast  tumor  eonditions^). 

These  mieropost  arrays  are  highly  tunable  beeause  altering  the  stiffness  and  array  size/density  is  merely  dependent  on  the  ratio  of 
PDMS  to  euring  agent  and  the  dimensions  of  the  array,  respeetively.  We  ehose  to  ereate  tunable  mieropost  arrays  in  order  to  study 
how  the  variation  of  the  mieroenvironment  properties  using  aspeet  ratio  and  stiffness  affeets  breast  eaneer  eell  differentiation  and 
lineage  (basal  vs.  luminal). 

PDMS  mieroposts  were  ereated  by  first  eonstrueting  silieon  master  molds  using  Shipley  1813  positive  photoresist.  By  varying  the 
spin- speed,  we  are  able  to  eontrol  the  height  of  the  resulting  mieroposts.  PDMS  was  poured  over  the  master  and  eured  at  80°C  for  2 
hours.  Atomie  Foree  Mieroseopy  (AFM)  was  used  to  eharaeterize  the  height  and  shape  of  these  mieroposts  (Figure  1). 

Figure  1:  AFM  was  used  to  characterize 
mieropost  size  and  shape  after  soft  lithography. 

Based  on  the  above  array  pattern,  we 
demonstrate  an  easily  tunable  mieropost  array 
using  soft  lithographic  tools.  AFM  images  were 
taken  using  a  Veeco  SisN4  cantilever,  with 
imaging  done  in  AC  mode  in  air.  The  sample 
tested  contained  3jum  diameter  PDMS 
mieroposts  with  a  6pm  lattice  constant. 


MCF-7  breast  duetal  eareinoma  eells  were  sueeessfully  eultured  on  our  PDMS  mieropost  arrays  for  over  a  week  in  DMEM 
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(Gibco)  +  10%  fetal  bovine  serum  (Gibeo)  +  1%  penieillin/streptomyein  (Invitrogen)  (Figure  2).  The  deviees  are  optieally  transparent 
so  further  analysis  sueh  as  bright  field  imaging  and  immuno staining  are  faeile. 


Figure  2:  Micropost  array  with 
MCF-7  breast  ductal  carcinoma 
cells  plated.  Image  was  taken 
following  one  day  of  culturing  on 
the  micropost  array.  Generous 
cell  spreading  and  morphology 
indicate  normal  cell  growth  and 
bio  compatibility  of  our  device. 


CONCLUSIONS  AND  FUTURE  WORK 

Future  work  will  foeus  on  the  effeets  of  mieropost  stiffness  on  eellular  stresses,  meehano-sensing  protein  organization,  and  the  MCF-7 
differentiation  proeess. 
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Quantifying  the  effects  of  micro-environments  on  breast  cancer  cell  proliferation  using  quantitative 

phase  imaging 

Mustafa  Mir*,  Tiina  Jokela^,  Mark  A.  LaBarge^,  Lydia  L.  Sohn* 

1)  California  Institute  for  Regenerative  Medieine,  University  of  California,  Berkeley 

2)  Life  Sciences  Division,  Lawrence  Berkeley  National  Laboratory 
Berkeley,  California,  94720 

Abstract: 

Like  many  other  cell  functions,  metastases  and  cancer-cell  differentiation  are  directed  by  complex  interactions  with  the  specific 
microenvironmental  niche  a  cell  inhabits.  To  investigate  these  interactions,  LaBarge  et  al.  (Stem  Cell  Rev.,  2007)  have  developed  a 
parallel  microenvironment  microarray  (MEArray)  platform,  which  allows  one  to  investigate  distinct  components  of  the 
microenvironment  (e.g.  Collagen,  TGF-P,  and  IGFl)  in  a  combinatorial  manner.  Currently,  measurements  on  MEArrays  have  been 
limited  to  end-point  immunofluorescence  measurements  or  time-lapse  measurements  using  qualitative  techniques  such  as  phase- 
contrast.  Here,  we  demonstrate  that  we  are  able  to  perform  label-free  quantitative  time-lapse  studies  of  cells  cultured  on  MEArrays 
through  Diffraction  Phase  Microscopy  (DPM),  a  common-path,  off-axis,  quantitative  phase-imaging  modality.  In  particular,  we 
measured  the  effects  of  a  combinatorial  array  of  microenvironments  (Collagenl,  TGF-P,  IGFl,  and  TenascinC)  that  have  been  known 
to  induce  an  epithelial-mesenchymal  transition  (EMT)  in  MCF-7  breast-cancer  cells.  We  show  that  we  are  able  to  detect  significant 
differences  in  the  proliferation  dynamics  of  cells  grown  in  different  environments  using  DPM.  Our  findings  suggest  that  quantitative 
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phase-imaging  measurements  ean  be  used  to  identify  EMT,  a  proeess  assoeiated  with  metastasis,  in  a  label-free  manner.  Furthermore, 
sueh  quantitative,  multi-parametrie,  time-lapse  measurements  ean  offer  a  unique  insight  into  the  role  of  the  miero environment  in 
eaneer  progression. 

Summary: 

Interaetions  between  eells  and  their  mieroenvironment  play  a  key  role  in  eaneer  progression  and  metastasis.  Reeently,  a  eombinatorial 
mieroenvironment  mieroarray  platform  has  been  developed  to  measure  the  effeets  of  different  mieroenvironment  eomponents  in  a 
highly  parallelized  manner.  Here,  we  demonstrate  that  time-lapsed  quantitative  phase  imaging  of  eells  eultured  on  this  platform 
elueidates  the  effeets  of  the  mieroenvironment  on  eell  proliferation  dynamies.  We  show  quantitative-phase  imaging  results  on  MCF-7 
breast-eaneer  eells  grown  on  eombinatorial  mieroenvironments  known  to  induee  epithelial-mesenehymal  transitions,  a  key  step  in 
eaneer  metastasis. 
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